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Carbon dissolution and diffusion in ferrite and austenite from first principles

D. E. Jiang and Emily A. Carter
Department of Chemistry and Biochemistry, Box 951569, University of California, Los Angeles, California 90095-1569, USA

~Received 19 February 2003; published 19 June 2003!

We perform density-functional theory~DFT! calculations of carbon dissolution and diffusion in iron, the
latter being a typical example of interstitial diffusion. The Kohn-Sham equations are solved with periodic
boundary conditions and within the projector-augmented-wave formalism, using the generalized gradient ap-
proximation for electron exchange and correlation. With the solution enthalpy as an indication of cell size
convergence, we find a supercell with 128 Fe atoms and one C atom is sufficient for describing dilute
concentrations of carbon in bcc Fe. The solution enthalpy of carbon in an octahedral site in ferrite is predicted
to be 0.74 eV, i.e., the dissolution of carbon in bcc ferromagnetic~FM! Fe is an endothermic process. Using the
Fe128C1 periodic cell, we find that the minimum-energy path~MEP! of carbon diffusion from one octahedral
site to another~via a tetrahedral site! has a barrier of 0.86 eV, in excellent agreement with the experimental
value of 0.87 eV. This encouraging benchmark result prompted us to investigate carbon diffusion in austenite,
whose electronic structure is less well characterized experimentally. Cell size convergence results show that a
supercell with 32 Fe atoms and one C atom is sufficient. The calculated solution enthalpy is20.17 eV, which
indicates that the dissolution of carbon in fcc Fe is exothermic, consistent with the known greater solubility of
C in austenite compared to ferrite. The MEP shows that carbon moves linearly from an octahedral site to
another, contrary to the common notion of an off-plane diffusion path. The diffusion barrier is calculated to be
0.99 eV. Since we model austenite with the FM high-spin phase, the diffusion barrier we obtain is not directly
comparable to the experiments in which austenite is usually paramagnetic. However, this prediction is relevant
for C incorporation into Fe thin films, since FM high-spin fcc Fe can be obtained by epitaxial growth of thin
Fe films on a Cu substrate.

DOI: 10.1103/PhysRevB.67.214103 PACS number~s!: 66.30.Jt, 71.15.Mb, 71.15.Nc
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I. INTRODUCTION

Many important phenomena in materials science invo
diffusion of impurities. Diffusion of the light elements~H, B,
C, N, and O! in metals typically occurs via an interstitia
mechanism. One example is carbon diffusion in iron. Due
its relatively high diffusivity, interstitial diffusion of carbon
often controls the kinetics of phase transformations in ste
and therefore the resulting microstructure. Moreover, so
technologically important processes such as surface har
ing by carburizing and nitriding are realized by interstit
diffusion. Molecule-surface interactions, such as those
corrosion and heterogeneous catalysis, can also involve
fusion of adsorbed atoms into subsurface layers and fur
into the bulk. However, interstitial diffusion may cause pro
lems such as strain aging, embrittlement, and steel eros
Understanding the interstitial diffusion process in iron m
aid in understanding the behavior of steel subject to ha
environments.

Despite more than 50 years of experiments investiga
carbon diffusion in ferrite@body-centered-cubic~bcc! Fe and
its carbon alloy, also called thea phase# and austenite@face-
centered-cubic~fcc! Fe and its carbon alloy, also called theg
phase#, some key issues remain unclear. For instance, di
evidence of the diffusion path is still lacking due to inhere
limitations in spatial and time resolution of experimen
techniques that do not permit probing of individual react
events in solids~not to mention the difficulty associated wit
probing a transition state in condensed matter!. Periodic
density-functional theory1,2 coupled with a solid-state
transition-state search algorithm provides a way to study
0163-1829/2003/67~21!/214103~11!/$20.00 67 2141
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atomic mechanism of solid-state diffusion. The success
several such studies3–6 encourages us to work on carbon d
fusion in iron which, to our knowledge, has not been stud
by first principles before. We have chosen carbon diffusion
Fe as our starting point because it has broad industrial ap
cations and accurate experimental data are available. In
dition, carbon diffusion in Fe is a very typical case and t
knowledge from that may offer a general picture of inters
tial diffusion of elements in bcc and fcc metals.

The classical measurement of carbon diffusion in ferr
in 1950 by Wert7 showed that in the temperature range
238–473 K, the data agree very well with a linear Arrhen
plot which yields a diffusion barrier of 0.87 eV. After Wer
carbon diffusion in ferrite was measured with various me
ods and in different temperature ranges.8 For the low-
temperature linear Arrhenius regime, the atomic mechan
assumed by many8–12 involves carbon movement from th
octahedral~o! site to another nearest-neighbor o-site via t
tetrahedral~t! site, with the t-site assumed to be the transiti
state~TS!.

The measurement of carbon diffusion in austenite a
started in the 1950s. Wellset al.13 and Smith14 showed that at
0.1-wt % concentration of carbon in austenite, the diffus
barrier is about 1.60 eV. Although the solubility of carbon
austenite is high and high-resolution neutron powd
diffraction experiments indicate15,16that carbon resides in th
o-site of the lattice, the atomic level diffusion pathway is s
unclear.

Due to the very low solubility of carbon in ferrite~0.022
wt % at about 1000 K!, a realistic study of atomic diffusion is
challenging with first-principles techniques. By building
©2003 The American Physical Society03-1
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D. E. JIANG AND EMILY A. CARTER PHYSICAL REVIEW B67, 214103 ~2003!
large Fe cell with one C atom in it and periodically repeati
the cell in all three dimensions, the supercell approximat
allows us to solve this problem to a certain degree. Here,
first calculate the solution enthalpy of carbon in bcc and
Fe and examine how the enthalpy converges with the siz
the supercell. After a suitable supercell is obtained, we t
go on to find the minimum-energy path~MEP! for carbon
diffusion and the associated energy barriers in both bcc
fcc Fe. Our objective is to test the assumed pathway for
Fe and to attempt to predict the preferred pathway in fcc

The rest of the paper is organized as follows. Section
describes the method we use, in Sec. III we present the
sults, Sec. IV discusses some issues relating our finding
experiments, and Sec. V summarizes the results and g
conclusions.

II. METHOD

The first-principles calculations performed in this stu
are based on spin-polarized density-functional the
~DFT!.17,18 The Viennaab initio simulation package~VASP,
version 4.4.5! is used to solve the Kohn-Sham equations19–21

with periodic boundary conditions and a plane-wave ba
set. Here we employ Blo¨chl’s projector-augmented-wav
~PAW! method22 as implemented by Kresse and Jouber23

The PAW method is an all-electron DFT technique~within
the frozen-core approximation! with the computational effi-
ciency of pseudopotential DFT algorithms. Its use is nec
sary for accurate calculations of certain transition met
which are sometimes poorly described by ultras
pseudopotentials.24 For the treatment of electron exchan
and correlation, it is well known that the generalized gradi
approximation~GGA! is needed to give an accurate descr
tion of magnetic properties and energetics of Fe b
phases.25 Therefore all calculations are done with the GG
functional of Perdewet al.26 using the one-electron quant
ties ~partial waves, projectors, etc.! supplied withVASP that
are required to construct the self-consistent PAW potenti
~We use the standard version of the PAW-GGA potential
Fe and the soft one for C.! The spin interpolation of the
correlation energy is by the Vosko-Wilk-Nusair method27

The equation of state~energy versus volume! for bulk Fe is
fit to Murnaghan’s equation of state.29 The equilibrium vol-
umes~and thus, the lattice parameters! and bulk moduli are
extracted from the fit.

When the number of atoms in a supercell exceeds 20,
projection operators in the PAW method are evaluated in
space to aid computational efficiency. We use a kine
energy cutoff of 350 eV, which we find is sufficient to co
verge the total energies of graphite and ferromagnetic~FM!
bcc Fe to within 5 meV/atom. We find that a 350-eV kinet
energy cutoff converges the solution enthalpy~for carbon in
the octahedral site of an unrelaxed bcc Fe16 supercel! to
within 6 meV per carbon atom. The Monkhorst-Pa
scheme28 is used for thek-point sampling, and for each su
percell, the total energy is converged with respect tok-point
sampling to within 0.02 eV/cell~Table I lists thek-point
mesh used for each supercell!. The first-order Methfessel
Paxton method is used for Fermi-surface smearing in o
21410
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to obtain accurate forces,21 and the smearing width is chose
such that the error in the energy extrapolated to 0 K is less
than 1 meV/atom~we use a smearing width of 0.05 eV fo
bcc Fe125 and fcc Fe128 supercells and 0.1 eV for all
other cells!. When the maximum force acting on each ato
of the supercell drops below 0.005 eV/Å, the structural
laxation is terminated. For carbon in bcc Fe, we first use
conjugate-gradient method for ionic relaxation for 20 ste
and then a quasi-Newton method subsequently for appr
mately five ionic iterations to reach the prescribed force t
erance. For carbon in fcc Fe, the direct use of the qu
Newton method can usually converge the structure within
ionic iterations.

The solution enthalpy at 0 K, neglecting zero-point ene
corrections~later, we show these are small!, of carbon in an
Fe bulk lattice is defined as the following:

DHs5E~FenC1!2E~Fen!2E~C!. ~1!

The first term on the right-hand side is the total energy of
supercell that includesn Fe atoms and one carbon atom; t
second term is the total energy of the supercell that cons
of n Fe atoms. The first two terms are calculated with t
same parameters (k-point sampling, kinetic-energy cutoff
etc.! as given above. The third term is the total energy
graphite on a per atom basis and is calculated separately
respect tok-point convergence. Since the van der Waals
teraction between graphite sheets is not described prop
with DFT GGA, we model graphite using the experimen
geometry@a52.462 Å andc56.656 Å at 0 K~Ref. 30!# and
do not optimize its structure. We calculate the total energy
graphite with a kinetic-energy cutoff of 350 eV and a 838
34 k-mesh. We obtain a cohesive energy ofEcoh
58.01 eV/atom for graphite~with respect to the3P ground
state of atomic C! that exceeds the experimental value31 by
0.64 eV, but is consistent with the typical error in DFT pr
dictions of cohesive energies~LDA overestimatesEcoh by
1.3 eV/atom for graphite33!.

An improved version of the nudged elastic Band~NEB!
method, the climbing-image NEB,34 is used to locate MEP’s
and TS’s for the diffusion of carbon in bulk Fe. The NE
method35 provides the means to find an MEP given the init
and final states of a process. An interpolated chain of c
figurations ~images! between the initial and final position
are connected by springs and are relaxed simultaneou
With appropriate projections, the true force and the spr
force acting on each image are separated from the total fo
The true force relaxes the image to an MEP and the sp
force keeps images with equal distance. With the climbin

TABLE I. Convergedk-point meshes used for the bcc and fcc
supercells.

bcc k-mesh fcc k-mesh

Fe16 83838 Fe4 83838
Fe54 63636 Fe32 63636
Fe128 43434 Fe64 43434

Fe125 23232
3-2
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CARBON DISSOLUTION AND DIFFUSION IN FERRITE . . . PHYSICAL REVIEW B 67, 214103 ~2003!
image scheme, the highest-energy image climbs uphill to
saddle point by making the spring force zero and includ
only the inverted parallel component of the true force on t
image. When we use the climbing-image-NEB~CI-NEB!
method in this study, all the images are relaxed until
maximum force acting on an atom is less than 0.01 eV/Å
velocity quench algorithm36 is used for ionic relaxation to
partially converge the images, followed by a quasi-New
algorithm. All saddle points are then verified to be true tra
sition states~rank 1 saddle points! and intermediates to b
local minima by diagonalizing a finite difference constru
tion of the Hessian matrix with displacements of 0.01 Å a
ensuring the presence of only one negative eigenvalue
TS’s and all positive eigenvalues for minima.

For carbon diffusion in bcc Fe, a supercell of Fe128C1
used for the CI-NEB calculation. Seven linearly interpolat
images are converged to the MEP with a 23232 mesh for
k-point sampling within approximately 30 ionic steps. F
carbon diffusion in fcc Fe, our initial guess is a slightly pe
turbed set of linear interpolation images between the ini
and final states with 15 images for a Fe4C1 cell (63636 k-
mesh! and 11 images for a Fe32C1 cell (43434 k-mesh!.
The initial guesses converge to the MEP within appro
mately 60 ionic iterations for carbon diffusion in fcc F
Although we use a smallerk-mesh for Fe4C1, Fe32C1, an
Fe128C1 cells for CI-NEB calculations compared with t
solution enthalpy calculations, we find that a largerk-mesh
changes the diffusion barriers by less than 0.02 eV.

III. RESULTS

A. Bulk Fe

Due to the four unpaired valence electrons of its atom,
in its various forms~clusters, surfaces, thin films, and bul!
shows very rich magnetic phenomena. Many first-princip
studies successfully described the magnetic phases of
and thin-film Fe.37–41 A number of earlier calculations em
ployed the all-electron full potential linearized augment
plane-wave~FLAPW! DFT method. As first realized by
Blöchl,22 the PAW and FLAPW methods are closely co
nected, and Kresse and Joubert23 have already demonstrate
agreement between FLAPW and PAW DFT for some bulk
properties. However, a detailed study of the various magn
phases of fcc Fe has not been reported using the P
method, so we present one here, along with that for bcc
This is necessary in order to choose a suitable magn
phase to model ferrite and austenite.

The equations of state for FM, antiferromagnetic~AFM!,
and nonmagnetic~NM! bcc and fcc Fe are shown in Fig. 1
The lattice parameters, bulk moduli, and local magnetic m
ments for different magnetic phases of bcc and fcc Fe
listed in Table II, and compared with the FLAPW-DFT-GG
predictions and with experiment. The antiferromagne
single-layer ~AFM1! and antiferromagnetic double-laye
~AFMD! phases~after Herperet al.40! refer to the common
antiferromagnetic structure (↑↓↑↓ . . . ) and thebilayer AFM
structure (↑↑↓↓ . . . ), respectively. Both AFM phases have
@001# layer orientation, but the AFM1 phase has one la
spin up and the next layer spin down, while the AFMD pha
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has two layers spin up and the next two layers spin down
general, our results agree very well with the all-electr
FLAPW-GGA results of Herperet al.40 We obtain the FM
bcc phase as the ground state of bulk Fe, as observed ex
mentally, so it is straightforward for us to choose the FM b
phase as the model system for carbon diffusion in ferr
Moreover, PAW-DFT GGA yields bulk properties for FM
bcc Fe in good agreement with experiment~Table II!.

The situation with austenite is not nearly so simple. E
periments suggest44 that the ground state of fcc Fe is a spi
spiral state, which has been confirmed with first-princip
noncollinear-spin calculations.45,46 We obtain the AFMD
phase as the ground state of fcc Fe, which agrees w
FLAPW results; the predicted lattice parameter for t
AFMD state coincides reasonably with those extrapola
from measured lattice parameters in AFM fcc Fe allo
~Table II!.42

Although only collinear-spin configurations are studied
this work, the AFMD phase has been suggested to be a c
approximation to a spin-spiral state.41 The minimum for the
AFM1 state is only slightly higher in energy, but conside
ably smaller in volume. The more complete antiferroma
netic coupling in this phase favors smaller Fe-Fe distan
and hence a smaller volume. The complexity increases e
more with FM fcc Fe, where we obtain a low-spin~LS!,
low-volume minimum and a relatively higher-energy hig
spin ~HS!, high-volume minimum. This is shown in greate
detail in Fig. 2. The FM-LS fcc Fe has an equilibrium lattic
parameter of 3.47 Å and local magnetic moment of 0.95mB ,
while the FM-HS fcc Fe has an equilibrium lattice parame
of 3.64 Å and a local magnetic moment of 2.62mB . As in the
AFM Fe case, this lattice parameter agrees well with
trapolated values in FM fcc Fe alloys~3.65 Å! at low tem-
perature~Table II!.

We find that the NM phase of fcc Fe is almost degener
with the FM-LS phase. Experimentally, fcc Fe is found to
paramagnetic in the temperature range for which carbon

FIG. 1. Phase diagram for bcc Fe and fcc Fe with differe
magnetic configurations.
3-3
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D. E. JIANG AND EMILY A. CARTER PHYSICAL REVIEW B67, 214103 ~2003!
fusion has been observed~1000–1500 K!. So which phase
should be chosen to model austenite, given the various m
netic phases of fcc Fe? The NM phase is not a good ch
because the paramagnetic state consists of randomly d
dered local magnetic moments, but not in the sense of loc
compensated spins as in our NM phase. Instead, we ch

TABLE II. PAW-DFT-GGA predictions of lattice parameter
(a), bulk moduli (B), and local magnetic moments~M! for mag-
netic phases of bcc and fcc Fe at 0 K. Earlier FLAPW-DFT-GG
predictions and experimental measurements are also shown
comparison.

System Method a ~Å! B ~GPa! M (mB)

bcc FM PAWa 2.83 174 2.20
FLAPW b 2.84 174 2.17
experiment 2.86c 168d 2.22d

bcc NM PAW 2.76 267 0.00
FLAPW 2.77 279 0.00

bcc AFM1 PAW 2.79 166 1.22
FLAPW 2.80 176 1.25

fcc FM HS PAW 3.64 167 2.62
FLAPW 3.64 171 2.57

fcc FM LS PAW 3.47 214 0.94
FLAPW 3.49 211 1.02

fcc FM experiment 3.65e

fcc AFMD PAW 3.52 130 1.79
FLAPW 3.53 127 1.80

fcc AFM1 PAW 3.48 198 1.23
FLAPW 3.50 193 1.30

fcc AFM experiment 3.56e 0.70f

fcc NM PAW 3.45 282 0.00
FLAPW 3.46 293 0.00

aAll the PAW data in this table are from the present work.
bAll the FLAPW data in this table are from Ref. 40.
cReference 42~extrapolated to 0 K!.
dReference 31.
eReference 42~lattice parameters are derived by extrapolating th
of fcc Fe alloys at 4 K to a pure Fe concentration!.

fReference 43~the magnetic moment is measured for fcc Fe p
cipitates in the Cu matrix belowTN).

FIG. 2. Total energy~solid squares! and local magnetic momen
~open circles! of FM fcc Fe as a function of lattice parameter.
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the FM-HS phase as our model system for austenite for
following reasons. First, the AFM~or the spin-spiral state!
and the FM-HS phases of fcc Fe have been observed ex
mentally either from the precipitates of fcc Fe in a C
matrix47 or from fcc Fe thin films grown on a substrate,48

while the FM-LS phase has not. Second, the FM-HS state
fcc Fe has been invoked as an excited state to explain
anti-Invar effect of fcc Fe.40,42 Though we cannot model th
paramagnetic phase with conventional periodic DFT and c
linear spins, we conclude that it is better to use the FM-
phase to model austenite~again, the lattice parameter is sim
lar to the extrapolated values in FM fcc Fe alloys! rather than
the FM-LS, NM, or AFM phases of fcc Fe~which do not
resemble a paramagnetic phase at all!.

B. Solution enthalpy of carbon in FM bcc Fe

Although the nominal ‘‘radius’’ of the tetrahedral~t! site
@0.36 Å, as measured from its center to the nearest Fe a
minus the metallic radius of Fe~Ref. 49!# of the Fe bcc
lattice is larger than that of the octahedral~o! site ~0.19 Å!,
carbon prefers to stay in the o-site. Experimentalists h
made this point,49,50 and we also confirm this with first
principles calculations using an Fe16 supercell. Insertion
C into bulk bcc Fe held rigid in its pure elemental structu
yields a solution enthalpy;1.00 eV less endothermic for th
t-site than for the o-site, consistent with the larger size of
t-site. However, the order is reversed upon structural re
ation, with the o-site about 1.00 eV more stable than th
-site. Carbon atoms have covalent radii of 0.77 Å, so b
the o-site and t-site may be considered far too small. Ho
ever, carbon atoms prefer to stay in distorted octahedral s
where they can have only two Fe atoms close to them u
relaxation, rather than four close Fe atoms in the tetrahe
sites. We therefore focus on calculating a converged solu
enthalpy of carbon in the o-site.

Table III shows how the solution enthalpy of carbon in
Fe lattice converges with the supercell size, i.e., as the c
centration of carbon becomes lower. The solution enthalp
the structurally unrelaxed cell is very large~about 5.6 eV!,
which suggests that the dissolution of carbon in bcc Fe
very unfavorable. After relaxation, the solution enthalpy
reduced dramatically but is still significantly positive, whic
agrees with the low solubility of carbon in ferrite. With in
creasing dilution of C~increasing supercell size!, one sees
that the solution enthalpy is converged to;0.73 eV at
Fe54C1, since the numerical error in our calculations is
timated to be around 0.02 eV/cell. The calculated solut
enthalpy agrees very well with the experimental value~0.60–
0.78 eV! measured in the temperature range of 773–993 K51

for

e

-

TABLE III. Solution enthalpies (DHs) of carbon in FM bcc Fe
at 0 K for both unrelaxed and relaxed structures~for the unrelaxed
structure,a52.86 Å) and thec/a ratio for the relaxed cells.

Supercell DHs , unrelaxed~eV! DHs , relaxed~eV! c/a

Fe16C1 5.62 0.58 1.076
Fe54C1 5.60 0.72 1.019
Fe128C1 5.60 0.74 1.007
3-4
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FIG. 3. Minimum-energy path for carbon dif
fusion in the Fe128C1 supercell and the loc
structures of initial, intermediate, final, and tran
sition states.
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From Fe16 to Fe54, the solution enthalpy for the relax
structure increases by about 0.14 eV, which indicates a
sible attractive interaction between carbon atoms in the
Fe lattice, whereby these carbon atoms may be driven
precipitate out from the bcc lattice. Experimentally, Fe3C
instead of graphite is formed upon tempering a supers
rated carbon solution in ferrite, due to kinetic reasons.32

After relaxation, we find that the bcc lattice undergoe
tetragonal distortion and adopts a body-centered-tetrag
~bct! structure, with thec/a ratio of the bct structure decrea
ing with increasing cell size. We obtain a bct structure
stead of the cubic lattice after relaxation of the superc
because of the strain caused by the carbon in the o-site o
periodic bcc lattice. In a real world sample, carbon atoms
randomly distributed in the o-sites of the bcc lattice, lead
to a macroscopic cubic symmetry despite possible local
tragonal distortions~such distortions will average out alon
all three orientational variants,x, y andz). We conclude that
the Fe128C1 supercell, with its very small tetragonal dis
tion, is sufficient to simulate carbon diffusion in ferrite, sin
the local coordination around the carbon atom in the
structure is quite similar to ferrite.

C. Carbon diffusion in FM bcc Fe

The most likely and intuitive hopping mechanism for i
terstitial diffusion of carbon in the bcc lattice is the line
movement of the interstitial element from an o-site to a
other nearest neighbor one via the t-site. If the long axisc
axis! in our bct Fe128C1 supercell is along thez axis, then
the carbon atom can diffuse in either thex or y direction~see
Fig. 3!. Suppose the carbon atom hops one step along ty
direction to another nearest-neighbor o-site. Then thec axis
of the tetragonal distortion will change to be along thex
direction. If the carbon moves a further step along they
direction, then thec axis will change back to thez axis. Since
the current implementation of the NEB method requires t
the initial and final states have the same cell shape and
21410
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ume, we take one o-site and its next-nearest-neighbor o
along they direction as the initial and final states, respe
tively. Thus the o-site in between becomes a local minim
which has a small tensile stress along thex direction, and
causes its energy to be a little higher than the initial state.
this analysis is reflected in and confirmed by Fig. 3~the
discrete data points are connected with a cubic spline!. The
diffusion barrier is calculated to be 0.86 eV, which agre
beautifully with the experimental value of 0.87 eV.7 This
result indicates that Fe128 is sufficiently large to simul
carbon diffusion in bcc Fe. The local minimum in the midd
~image 04! is about 0.04-eV higher than the initial state~im-
age 00!, indicating that the tensile stress on image 04 is
large. The local structures of the initial state, the transit
states~images 02 and 06!, the local minimum, and the fina
state~image 08! are also shown in Fig. 3. One can see th
the carbon atom moves from one octahedron to another
via the t-site as a transition state. The decrease of the F
Fe2 distance and the increase of the Fe5-Fe6 distance
support this diffusion process~Table IV!. So our calculations
not only agree with the experimental barrier but also confi
that the mechanism assumed by experimentalists9–12 is asso-
ciated with this barrier.

In order to compare the diffusion coefficient with expe
ment, we also calculate the preexponential factor for car
diffusion in bcc Fe. Using harmonic transition-state theor52

and the random-walk formulation of interstitial diffusion in
bcc lattice,53 D0 in the empirical Arrhenius form of the dif-
fusion equationD5D0exp(2Ea /kBT) can be expressed a

TABLE IV. The geometries of images 00, 02, and 04 of t
Fe128C1 cell.

Image Fe1-Fe2~Å! Fe5-Fe6~Å! C-Fe5~Å!

00 ~minimum! 3.559 2.797 1.978
02 ~TS! 3.361 3.353 1.820
04 ~strained minimum! 2.811 3.550 1.775
3-5
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D05 1
6 a2() j 51

3N n j /) j 51
3N21n j

†). Here, a is the lattice param-

eter, andn j andn j
† are the real normal-mode frequencies

the initial state and the transition state, respectively. By c
structing and diagonalizing a small Hessian matrix wh
involves only C, Fe5, and Fe6~Fig. 3!, we obtain ninen j ’s
and eightn j

†’s ~the othern j
† is imaginary!, leading to a cal-

culatedD051.4431027 m2s21. ExperimentalD0’s vary by
about one order of magnitude; the average over all availa
experimental data below 350 K~Ref. 54! gives a D0 of
1.6731027 m2s21. Therefore, both our activation energyEa
and preexponential factorD0 agree very well with experi-
ment for carbon diffusion in FM bcc Fe. This gives us co
fidence to then apply a similar strategy to predict carb
dissolution and diffusion behavior in the less we
characterized fcc Fe~austenite!.

D. Solution enthalpy of carbon in HS-FM fcc Fe

Experiments show15,16 that interstitial carbon stays pre
dominantly in the octahedral sites of the fcc Fe lattice. T
agrees with the larger ‘‘radius’’ of the o-site~0.53 Å! relative
to the t-site~0.29 Å! in the fcc Fe lattice. We therefore buil
all the supercells with carbon in an octahedral interstitial s
and with a lattice parameter of 3.64 Å, which we obtain
the equilibrium lattice parameter for the unit cell of FM-H
fcc Fe. The solution enthalpies for the unrelaxed and rela
cell structures are converged at the supercell size of Fe3
~Table V!. The negative sign and small magnitude of t
solution enthalpy for the fully relaxed structures show th
the dissolution of carbon atoms in FM-HS fcc Fe is sligh
exothermic and, in fact, is energetically favorable even
such high carbon concentrations as represented by as sm
cell as Fe4C1. This is partly due to the relatively lar
atomic volume of FM-HS fcc Fe.

For comparison, we also calculated the solution entha
of carbon in the t-site for the Fe32C1 cell and we find it
about 1.48 eV higher for the relaxed structure~and 4.33 eV
higher for the unrelaxed structure! than for C in the o-
site, confirming the experimental observation that C pref
the o-site.

The decrease in the solution enthalpy for the relax
structures, going from Fe4C1 to Fe32C1, can be explai
by a repulsive interaction between the carbon atom and
periodic images for the Fe4C1 cell. Experimental eviden
exists to support the idea that C-C interactions here are

TABLE V. Solution enthalpies (DHs) of carbon in FM-HS fcc
Fe at 0 K for both unrelaxed and relaxed structures~for the unre-
laxed structure,a53.64 Å) and the percent of change in volum
(DV).

Supercell DHs , unrelaxed~eV! DHs , relaxed~eV! DV ~%!a

Fe4C1 0.38 20.06 11.2
Fe32C1 0.33 20.17 0.98
Fe64C1 0.33 20.16 0.50
Fe125C1 0.34 20.17 0.10

aThe volume increase of the relaxed FenC1 cell with respect to the
relaxed Fen cell.
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pulsive. The interaction between interstitial carbon atoms
fcc Fe was estimated experimentally by measuring the c
centration dependence of carbon activity, and it was dedu
that the interaction is repulsive between carbon atoms
austenite.55 Moreover, Mössbauer spectra of austenite ha
also been interpreted in terms of a repulsive carbon-car
pair interaction, based on a Monte Carlo simulati
analysis.56

It is evident from Table V that the volume expansio
(DV) decreases as the cell becomes larger and is abou
for Fe32C1. If the solution enthalpy is taken as a criterion
the cell convergence, then Fe32C1 is large enough for
study. This supercell is much smaller than the converg
supercell for bcc Fe~Fe128C1!. In the latter phase, carbon
in the o-site of bcc Fe, has a larger strain field, caus
a significant tetragonal distortion to the lattice~the energy
gain from structural relaxation is large,;5.0 eV). So it
takes a much larger cell to minimize the interactions betw
the strain fields caused by carbon and its periodic image
bcc Fe. On the other hand, both the strain field and the lat
distortion caused by carbon in the o-site of fcc Fe have
tahedral symmetry and are isotropic, and the energy g
from the structural relaxation is small,;0.50 eV. Thus the
smaller distortions caused by C in fcc Fe allow us to co
verge the results with a much smaller cell than in bcc
These findings are consistent with the low solubility of ca
bon in bcc Fe compared to fcc Fe, as mentioned in the
troduction.

In the following, we examine carbon diffusion in the Fe3
supercell in order to simulate the dilute concentratio
present in most austenitic studies. For comparison, howe
we also investigate carbon diffusion in the Fe4 cell as
model of a supersaturated solution of carbon in Fe.

E. Diffusion of supersaturated carbon in FM-HS fcc Fe: The
Fe4C1 cell

For interstitial carbon in fcc Fe, we consider only th
diffusion of carbon from an o-site to another neare
neighbor o-site. In the conventional cubic fcc cell, the carb
moves from the edge center~0.0, 0.0, 0.5! to the body center
~0.5, 0.5, 0.5!. Figure 4 shows the converged MEP and t
atomic arrangements of images 00, 06, 08, and 16 that
resent the initial state, the first transition state, the interm
diate state, and the final state, respectively. One can see
the MEP shows a symmetric structure with double maxima
2.10 eV and one t-site intermediate at 2.05 eV. The geo
etries of images 00, 06, and 08 are shown in Table VI. In
initial state, the carbon atom is in the octahedron that
cludes Fe1, Fe2, and Fe3. In the transition state, the ca
atom is approximately in the center of the triangle of Fe
Fe2, and Fe3. For the intermediate, the carbon atom is
proximately at the center of the tetrahedron that consists
Fe1, Fe2, Fe3, and Fe4; this can be seen from the fa
tetrahedral Fe1-C-Fe2 and Fe2-C-Fe3 angles (;109.4°).
The carbon atom then will move to the second transit
state that is at the center of the triangle of Fe2, Fe3, and F
and then arrives at the final state—the~octahedral! body cen-
ter. The transition-state image has the shortest Fe-C dist
3-6
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FIG. 4. Minimum-energy path for carbon dif
fusion in the fcc Fe4C1 supercell and the stru
tures of the initial state, the first transition stat
the intermediate state, and the final state.
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of ;1.75 Å. The t-site is an intermediate for carbon diff
sion between o-sites, but the energy well is very shall
only about 0.05 eV lower than the transition state. The d
fusion mechanism that we find for Fe4C1 is close to w
most experimentalists have conjectured about interstitial
fusion in an fcc lattice.57,58Namely, instead of going directly
from one o-site to another nearest one within the~001! plane
by pushing two atoms apart, the interstitial moves off pla
and goes through a curved channel connecting the
o-sites, as shown in Fig. 4.

F. Diffusion of dilute carbon in FM-HS fcc Fe: The
Fe32C1 cell

From the solution enthalpy convergence tests~Table V!,
we see that a Fe32C1 supercell is suitable to simulate
lated carbon interstitials in fcc Fe. The converged MEP~Fig.
5! shows a symmetrical path with a high-energy plateau
a diffusion barrier of 0.99 eV. The middle point of the ME
is found to be a local minimum of 0.98 eV, which is on
about 0.01-eV lower in energy than the two transition sta
So just as in the Fe4C1 cell, the MEP of the Fe32C1 sys
also has a symmetrical double maxima and an intermed
in between, although the well is much shallower than tha
Fe4C1. Also shown in Fig. 5 are the structures of images
04, 06, 07, and 12, which correspond to the initial state,
first transition state, the intermediate, the second transi
21410
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state, and the final state, respectively. One can see tha
carbon atom pushes away Fe2 and Fe3 and goes almos
early from the initial o-site to the final one. Unlike Fe4C1,
which the carbon atom moves off plane and through a t-
intermediate, the carbon atom in Fe32C1 basically stay
the ~001! plane containing the carbon, Fe2, and Fe3, avo
ing the t-site! The very similar Fe2-C distances~Table VII!
of images 04, 06, and 07~1.773–1.776 Å! explain why there
is a plateau in the MEP. For image 06~the intermediate!, the
carbon is nearly perfectly collinear and in between Fe2 a
Fe3 (179.6°), and no tetrahedral angle is found there.
apparent discrepancy between the lower energy of image
and its shorter C-Fe2 distance compared with image 04
partly be explained by the shorter C-Fe4 and C-Fe6 distan
in image 06, producing slightly better coordination than im
age 04 and therefore a lower energy.

Normally, the NEB method converges the chain of imag
to the MEP that is closest to the initial guess, so it depe
on how the initial interpolation is done. To see whether th
is an MEP going through the t-site, we also did a CI-NE
run with a ‘‘nonlinear’’ interpolation which included the
t-site in the initial guess. The chain of images converg
again to the same MEP we obtained above from the lin
interpolation, indicating that there is no saddle point goi
through the t-site for dilute carbon concentrations in fcc F

Another concern with the NEB method is that the curre
implementation works only with fixed volume along th
Fe3
TABLE VI. The geometries of images 00, 06, and 08 for the Fe4C1 cell.

Distance~Å! Angle ( °)
Image C-Fe1 C-Fe2 C-Fe3 C-Fe4 Fe1-C-Fe2 Fe2-C-

00 ~minimum! 1.882 1.882 1.882 3.260 90.0 90.0
06 ~TS! 1.753 1.751 1.751 1.914 117.9 118.4
08 ~intermediate t-site! 1.785 1.774 1.774 1.770 107.9 110.3
3-7
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FIG. 5. Minimum-energy path for carbon dif
fusion in the Fe32C1 supercell and the loc
structures of the initial state, the first transitio
state, the intermediate state, the second transi
state, and the final state.
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path. In order to assess whether the constant volume
straint introduces significant stress along the diffusion pa
we compared the structure of the TS with that of the init
state to see how the average Fe-Fe distance changes m
away from the C atom. If the distance converges to the p
Fe value within half of the simulation cell dimension, the
the perturbation due to the diffusing carbon is short ran
and no stress will be accumulated due to this constraint
Fig. 6, we see that the Fe-Fe distance for the initial s
converges to about 2.565 Å~very near that of pure Fe, show
as the dotted horizontal line! near 3.6 Å, which is half of the
supercell lattice parameter. Therefore, no stress buildu
present in this simulation cell for the initial state. Howev
the transition-state Fe-Fe distances are still oscillating aro
that of the initial state with an amplitude of;0.02 Å for the
Fe-C distances larger than half the simulation box leng
Although this amplitude is small, it indicates there is som
small stress for the TS configuration. We expect this am
tude would decrease if a larger supercell was used, wh
would decrease the activation energy slightly if this was
counted for.

IV. DISCUSSION

Comparisons of first-principles predictions with expe
mental measurements must be undertaken very caref
Seemingly identical phenomena studied by simulation
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by experiment often turn out to be quite different. In som
sense, first-principles studies are more like an ideal lab
which a simplified material is used to model a more comp
cated real world material. In this section, we compare
model predictions with real materials and try to relate o
findings in a relevant way to previous experiments.

A. Zero-point energy corrections and thermal effects on the
energetics of dissolution and diffusion

Experimental data, of course, include the effect of ze
point energy~ZPE!, while most condensed-matter calcul
tions do not. However, ZPE corrections can be added af
wards in order to compare directly with experiments, if t
experimental data can be extrapolated to 0 K. ZPE corr
tions, in principle, can be important for light elements, wh
they are more or less negligible for heavy elements. By
taining the normal-mode frequencies of carbon in eith
graphite or the bcc Fe lattice, we can estimate the effec
carbon’s ZPE on the energetics we have calculated. In
way, the ZPE of graphite is estimated to be 0.13 eV/ato
Keeping the Fe atoms rigid~i.e., assuming infinite mass! at
their equilibrium positions, the ZPE of carbon in the o-site
bcc Fe~for the Fe128C1 cell! is estimated to be 0.11 eV
atom. These give a correction of20.02 eV to the solution
enthalpy for carbon in bcc Fe. The ZPE of carbon at
transition state for carbon diffusion in bcc Fe is estimated
-Fe3
TABLE VII. The geometries of images 00, 04, 06, 07, and 12 for the Fe32C1 cell.

Distance~Å! Angle ( °)
Image C-Fe1 C-Fe2 C-Fe3 C-Fe4 C-Fe5 C-Fe6 Fe1-C-Fe2 Fe2-C

00 ~minimum! 1.903 1.903 1.903 3.156 1.903 1.903 90.0 90.0
04 ~first TS! 2.003 1.776 1.776 2.121 2.005 2.107 92.6 168.2
06 ~local minimum! 2.042 1.773 1.772 2.043 2.043 2.037 89.6 179.6
07 ~second TS! 2.115 1.776 1.776 2.006 2.109 2.007 85.7 168.8
3-8
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be 0.08 eV, which produces a correction of20.03 eV to the
diffusion barrier. Since the ZPE corrections for carbon in b
Fe are about at the numerical error in our calculations,
conclude they can be neglected and therefore did not
mate them for carbon in fcc Fe.

In principle, thermal effects also should be conside
when comparing first-principles energetics~usually at 0 K!
with experiment~always at finite temperature!. For example,
the experimental solution enthalpy of C in bcc Fe is m
sured in the temperature range of 773–993 K.51 However,
since thermal corrections~due to differential changes in hea
capacities from initial to final states! are typically as small as
and of opposite sign to ZPE corrections, we have not
tempted to include them in our calculations. We theref
directly compare experimental finite temperature energe
to non-ZPE-corrected, 0-K theoretical energetics, noting
likelihood of a fortuitous cancellation of~small! errors.

B. Are we simulating diffusion in ferrite or martensite?

The bct structure we obtain after relaxing the bcc Fe
supercell as a model of ferrite is different from the bct stru
ture of martensite, which is experimentally obtained from
diffusionless martensitic transformation by quenching au
nite ~fcc Fe!. The structure of martensite is metastable, an
will decompose to ferrite~bcc Fe! and cementite (Fe3C)
upon tempering.59 The bct structure we obtain is the theore
ical ground state of the Fe-C alloy, although it is supersa
rated with C (;0.17 wt % C for Fe128C1! compared with
the experimental phase diagram, where saturation occu
0.02 wt % C at 1000 K~at lower temperatures, the solubilit
will be even lower60!. If we restrict the supercell to retain bc
symmetry, we find this to be higher in energy than the
structure. For example, we did a calculation for the Fe16
cell, with a uniformly expanded lattice, and with carbon
the o-site and Fe atoms fixed at their bcc lattice positions.
found that the uniformly expanded bcc lattice at its low
energy is still 4.20-eV higher in energy than the relax
Fe16C1 cell. So the bct structure we obtained is indeed
ground state of the Fe-C alloy at this C concentration.

FIG. 6. Average Fe-Fe distance versus distance from the ca
atom in the Fe32C1 cell.
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The local structure of carbon in the lattice also shows t
our bct structure is different from martensite. X-ray diffra
tion shows61 that the distances between C and the six
atoms of its first coordination shell in martensite are alm
the same at 1.93 Å. This means that the coordination o
hedron of carbon~and therefore, the local environment o
carbon! in martensite is almost the same as that in the a
tenite. However, for our relaxed Fe128C1 cell, the C atom
about 0.20-Å closer to the two Fe atoms along thec axis than
to the four Fe atoms on thea-b plane, which indicates tha
the local environment of carbon is more ferritelike. We the
fore consider that our bct structure is a close model of bcc
with supersaturated carbon, which is different from the me
stable bct structure of martensite. The~fortuitously! perfect
agreement of the diffusion barrier with the experimen
value of carbon diffusion in ferrite also supports this poin

C. How do we compare with experiments for diffusion in
austenite?

Our diffusion predictions for carbon in austenite unfort
nately are not directly comparable to experiments. The
fusion experiments are usually done at high temperatu
where austenite is stable and paramagnetic. Since we ca
simulate paramagnetic Fe with conventional DFT and th
is no experimental information on local magnetic mome
in Fe-C alloys,62 we chose to use the FM-HS state of Fe
simulate austenite, as explained earlier. The complica
magnetovolume instability of fcc Fe makes it difficult fo
any first-principles method to accurately describe austen
It should be noted also that calculations suggest63 that
FM-HS fcc Fe is not stable under tetragonal distortion. In o
study, however, all the fcc cells were constrained to be cu
Keeping these points in mind, we now attempt to make so
comparison with experiment.

We predicted the diffusion barrier for carbon in austen
to be 0.99 eV, which is about 0.60-eV lower than the expe
mental value.14 In order to obtain another limiting value, w
calculated the diffusion barrier for carbon in NM fcc Fe. Th
result is;2.70 eV, which is far too high and indicates th
the NM state is not suitable for describing austenite. We th
attempted a similar calculation for the FM-LS phase of f
Fe. Unfortunately, the FM-LS phase becomes unstable aft
C atom is put into the lattice, and it relaxes to the NM pha
We have not tried to use the AFM phases of Fe to stu
carbon diffusion.

So how can we connect our predicted value to meas
ments? The excellent agreement with experiment for the
fusion barrier for carbon in bcc Fe suggests that we
consider our barrier for carbon diffusion in FM-HS fcc Fe
be an accurate prediction of the barrier when such a phas
Fe exists. Thin films of FM-HS fcc Fe can be obtained by t
deposition of thin layers of Fe on Cu~100! substrates.64–67

When the number of layers in the film exceeds 11 monol
ers, the fcc structure usually becomes unstable and tr
forms to the bcc structure.64,68However, Kirilyuk et al. have
shown69 that fcc Fe films with up to 60 monolayers can b
produced by the cooperative surfactant effect of carbon
oxygen. They admit to the vacuum chamber gases suc

on
3-9
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C2H2, C2H4, and CO as carbon sources and O2 as the oxy-
gen source during molecular-beam epitaxy. They believe
the main reason they are able to stabilize the fcc structur
the interstitial incorporation of carbon atoms into the f
lattice. This observation is consistent with our predicted
lution enthalpy of carbon in fcc FM-HS Fe, which shows th
the dissolution of carbon into the bulk is energetically fav
able. If the diffusion barrier could be measured experim
tally in such a situation, then a direct comparison to o
prediction could be made.

V. SUMMARY

We performed periodic DFT calculations of the disso
tion and diffusion energetics for interstitial carbon in bcc a
fcc Fe. We find that for ferromagnetic~FM! bcc Fe, the
stable phase at low temperature places carbon in the oc
dral site. The solution enthalpy of carbon in the octahed
site is predicted to be 0.74 eV endothermic, consistent w
the very small solubility of C in bcc Fe. Simulation cell siz
convergence tests demonstrate that an Fe128 supercell is
ficient to simulate the energetics of the interstitial carbon
FM bcc Fe. The minimum-energy path~MEP! of carbon dif-
fusion with a supercell of Fe128C1 gives a diffusion barr
of 0.86 eV, in excellent agreement with experiment. The
rahedral site is found to be a transition state~TS!, as postu-
lated previously.9,10

Despite the magnetovolume instability of fcc Fe, the a
electron PAW-DFT-GGA method provides descriptions
the antiferromagnetic single-layer~AFM1!, antiferromag-
netic double-layer~AFMD!, nonmagnetic~NM!, ferromag-
netic low-spin~FM-LS!, and ferromagnetic high-spin~FM-
HS! states of fcc Fe that agree very well with earlier a
electron FLAPW-DFT-GGA results. Given the know
paramagnetism of austenite, which cannot be easily mod
within conventional DFT, we chose to model austenite w
the ferromagnetic high-spin phase of fcc Fe as the ph
closest to a paramagnetic phase.

Our predicted solution enthalpy indicates that the disso
tion of carbon in FM-HS fcc Fe is slightly exothermic. Sim
lation cell size convergence tests indicate that an Fe32 su
cell is sufficient to simulate the dissolution energetics of
interstitial carbon in FM-HS fcc Fe. We also find repulsi
n

s-

v.
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interactions between carbon atoms at high concentrati
consistent with experimental observation.55,56 This is in di-
rect contrast to the attraction predicted between carbon at
in bcc Fe, consistent with the tendency of carbon to prec
tate out as Fe3C in bcc Fe.

The MEP of carbon diffusion in an fcc Fe4C1 cell~super-
saturated solution of C in fcc Fe! shows double maxima with
a diffusion barrier of 2.10 eV and one intermediate of 2.
eV. The carbon atom moves from an initial octahedral s
through the center of a Fe triangle~a transition state!, then to
a tetrahedral site~an intermediate!, then another center of a
Fe triangle~a second transition state!, and finally to another
octahedral site. This mechanism of interstitial diffusion in t
fcc lattice is the most intuitive and has been employed
explain measurements.57,58

The diffusion of carbon at lower concentrations in an f
Fe32C1 cell shows a totally different MEP. The carbon at
takes a shortcut between two neighboring octahedral s
and moves linearly from the initial state to the final state
pushing away two Fe atoms in the way. This offers a n
way of thinking about the diffusion of light interstitials in th
fcc lattice. Although we have not yet studied other system
prove this is a general mechanism, this possible diffus
path should be kept in mind when interpreting experimen
data. The barrier predicted for this pathway is 0.99 eV.
suggest that this value might be able to be confirmed exp
mentally by measuring carbon diffusion in a thick enou
fcc Fe film with FM order, which could be grown on
Cu~100! substrate.67,69
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